Magnetic ordering in the geometrically frustrated magnetic oxide spinels MgCr2O4 and ZnCr2O4 is accompanied by a structural change that helps relieve the frustration. Analysis of high-resolution synchrotron X-ray scattering reveals that the low-temperature structures are well described by a two-phase model of tetragonal I41/amd and orthorhombic F ddd symmetries. The Cr4 tetrahedra of the pyrochlore lattice are distorted at these low-temperatures, with the F ddd phase displaying larger distortions than the I41/amd phase. The spin-Jahn-Teller distortion is approximately one order of magnitude smaller than is observed in first-order Jahn-Teller spinels such as NiCr2O4 and CuCr2O4. In analogy with NiCr2O4 and CuCr2O4, we further suggest that the precise nature of magnetic ordering can itself provide a second driving force for structural change.
The ACr 2 O 4 spinels possess highly degenerate spin liquid states that can order at low temperature in conjunction with a lattice distortion, in a manner sometimes referred to as spin-Jahn-Teller ordering. [1, 2] Despite extensive studies of the spin-Jahn-Teller phases of ACr 2 O 4 spinels, there is little agreement on the full description of the low-temperature structures of MgCr 2 O 4 and ZnCr 2 O 4 . [3, 4] At room temperature, ACr 2 O 4 are cubic spinels in the space group F d3m, provided the A ions are non-magnetic. A cations occupy tetrahedral sites while Cr 3+ with spin S = 3/2 populate octahedral sites. These are normal spinels: Cr 3+ shows a strong preference for the octahedral site. [5] Magnetic frustration in ACr 2 O 4 spinels is known to decrease from A = Zn to Mg to Cd to Hg with the respective spinels showing Weiss intercepts Θ CW of −390 K, [6] −346 K, [6, 7] −71 K, [6] and −32 K [6, 8] and spin-Jahn-Teller ordering temperatures (T N ) of ≈12.7 K, [9] ≈12.5 K, [1] ≈7.8 K, [10] [11] [12] and ≈5.8 K [8] .
Several low-temperature nuclear structures have been proposed for ACr 2 O 4 spinels. X-ray diffraction studies reveal F ddd symmetry in the spin-Jahn-Teller phase of HgCr 2 O 4 . [8] A tetragonal I4 1 /amd structure of MgCr 2 O 4 was identified in low-temperature synchrotron X-ray [13] and neutron powder diffraction studies. [9] A tetragonal distortion has also been observed in the antiferromagnetic phase of CdCr 2 O 4 , identified by Aguilar et al. using infrared spectroscopy, [12] and by Chung and co-workers from elastic and inelastic neutron scattering studies. [11] The low-temperature structure of CdCr 2 O 4 was assigned to the I4 1 /amd space group as reported by Lee et al. from synchrotron X-ray and neutron scattering studies of single crystals. [3] In the same report, single crystals of ZnCr 2 O 4 were reported to adopt the tetragonal I4m2 space group below the Néel temperature. [3] However, X-ray powder diffraction by Kagomiya et • C for 24 hours, followed by cooling at 15
• C/hr to room temperature. Samples were structurally characterized by highresolution(∆Q/Q ≤ 2 × 10 −4 ) synchrotron X-ray powder diffraction at temperatures between 6 K and 295 K. These measurements were performed at beamline 11-BM of the Advanced Photon Source, Argonne National Laboratory. Structural models were refined against diffraction data using the Rietveld method as implemented in the EXPGUI/GSAS software program. [15, 16] Atom positions for the low-symmetry structures were obtained using the internet-server tool ISODISPLACE. [17] Crystal distortions were analyzed using the program VESTA. [18] arXiv:1302.5746v2 [cond-mat.mtrl-sci] 5 Mar 2013
(Color online) Spin-Jahn-Teller distortions in ACr2O4 spinels. The top panel shows the scaled inverse field-cooled susceptibility. The dashed black line models ideal paramagnetism. MgCr2O4 and ZnCr2O4 were measured under a 1000 Oe field while CdCr2O4 was measured in 6000 Oe. Antiferromagnetic order is suppressed to low temperatures in MgCr2O4 (TN = 12.9 K), ZnCr2O4 (TN = 12.3 K), and CdCr2O4 (TN = 7.86 K). The splitting of high-symmetry cubic diffraction peaks into several low-symmetry peaks shows the onset of spin-driven structural distortions(middle panel). CdCr2O4 shows a subtle structural distortion that is indicated by a slight decrease in intensity and increase in width of the high-symmetry peak. The bottom panel shows the change in entropy at the Néel temperature. Magnetic properties were characterized using a Quantum Design MPMS 5XL superconducting quantum interference device (SQUID). Heat capacity measurements were performed using a Quantum Design Physical Properties Measurement System. At room temperature, the prepared ACr 2 O 4 spinels are single phase homogeneous compounds in the space group F d3m with lattice parameters 8. Table I and are in good agreement with earlier reports of highly stoichiometric compounds. [19, 20] Experimental magnetic moments of these compounds are within error of the calculated effective moment of 5.47µ B (Table I ). There is a ≈0.3 K thermal hysteresis between the zero-field-cooled and field-cooled temperature dependent susceptibilities of the ACr 2 O 4 spinels. We observe a Θ CW of -288 K for ZnCr 2 O 4 which is consistent with the earlier work by Melot et al. [19] but is lower than other Θ CW values reported in the literature. [7, 9] The magnetic ordering transitions of ACr 2 O 4 spinels are associated with changes in entropy ( Figure 1 ) and this agrees well with the earlier work of Klemme et al. [21, 22] Figure 1 ). CdCr 2 O 4 on the other had, while displaying some peak broadening, remains well modelled by the high-temperature F d3m space group even at 6.9 K (Figure 1) . Rietveld fits to the low-temperature synchrotron X-ray powder diffraction data of MgCr 2 O 4 and ZnCr 2 O 4 using structural models reported in the literature [3, 4, 9, 13] resulted in regions of poorly fit intensity. Similarly, the low-symmetry structures F 222, C2/c, and I2/a could not model the data well. Group-subgroup relations of the space group F d3m yield the lower-symmetry groups I4 1 /amd and F ddd. Individually, neither of these structural models can reproduce the intensities and peak splittings observed in our low-temperature diffraction patterns of MgCr 2 O 4 and ZnCr 2 O 4 . However, we find that the diffraction data can be well described by a twophase model combining both tetragonal I4 1 /amd and orthorhombic F ddd structures [ Fig. 2(a) ]. This refinement yields chemically reasonable and stable isotropic thermal displacement parameters for both phases (Table II) . In Fig. 2(b) , the low-temperature peak splitting of the cubic F d3m (800) reflection is deconvoluted into contributions from the I4 1 /amd and F ddd phases.
Nearly equal fractions of the two phases coexist in the low-temperature nuclear structures of MgCr 2 O 4 and ZnCr 2 O 4 [ Figure 2(c) ]. Employing the Thompson-CoxHastings pseudo-voigt profile function, we observe a slight increase of the F ddd phase fraction with a de- Determined from Scherrer analysis of well resolved peaks. This is the lower limit of crystallite size and assumes that all peak broadening is due to crystallite size crease in temperature below T N for both MgCr 2 O 4 and ZnCr 2 O 4 . While the estimated standard deviations suggest rather accurate phase fractions (Table II) , separate refinements employing different profile functions show variations of up to 10%. Scherrer analysis of deconvoluted I4 1 /amd and F ddd peaks shown in Fig. 2(b (Table II) . The two lowtemperature phases coexist down to the lowest tempera- The high-symmetry (800) peak splits into several I41/amd and F ddd reflections. The I41/amd and F ddd fits have been offset from the data for clarity. [I41/amd (blue), F ddd (red), and Cr2O3 impurity (grey)] (c) Nearly equal amounts of I41/amd (blue) and F ddd (red) phases coexist below TN ; the F ddd phase fraction increases slightly with decreasing T . The sample of ZnCr2O4 prepared using K2Cr2O7 flux shows a similar low-temperature structure and its phase fractions are indicated by the square.
tures studied.
We have also examined a ZnCr 2 O 4 sample prepared in a K 2 Cr 2 O 7 flux to explore the effect of sample preparation conditions. High-resolution synchrotron X-ray diffraction measurements carried out at 7 K reveal that it is also described by a combination of both I4 1 /amd and F ddd. There are subtle differences in the lowtemperature phase composition of the flux-prepared sample. Specifically, a slightly higher F ddd phase fraction is observed compared to the sample prepared by solid state methods[ Figure 2(c) ].
The F d3m lattice parameter of MgCr 2 O 4 and ZnCr 2 O 4 splits abruptly into two I4 1 /amd and three F ddd lattice constants at T N , as shown in Fig. 3(a) and (c) respectively. The F ddd a and c parameters of MgCr 2 O 4 and ZnCr 2 O 4 show the greatest distortion from cubic symmetry. The F ddd phase of each compound has a smaller volume than its I4 1 /amd counterpart, suggesting that F ddd is the lower energy structure. 
2 , where φ 0 is the ideal tetrahedron angle of 109.47
• , φ i is the measured angle, and m is (the number of faces of a tetrahedron)× 3/2. [18, 24] The spin-Jahn-Teller distortion of MgCr 2 O 4 and ZnCr 2 O 4 resembles martensitic phase transitions, which are displacive solid-solid transitions. These transformations can be induced by varying temperature, involve changes in crystal symmetry without a change in chemical composition, and show hysteresis. Volume changes between the parent and product phases that occur at the spin-Jahn-Teller distortion temperature could induce strains that result in a biphasic product.
It is important to consider whether a single lowsymmetry space group could model the data. Our refinements using F 222, C2/c, or I2/a were unable to generate the observed peak separations. Analysis of the Cr 4 tetrahedra distortions shows that the F ddd phase is more distorted than the I4 1 /amd phase. Additionally, the F ddd phase fraction increases slightly with a decrease in temperature below T N . The combination of these two effects would be challenging to describe using a single low-symmetry structural model. Further, the two-phase I4 1 /amd and F ddd model is robust against changes in sample preparation conditions. Phase coexistence following a phase transition is not unusual. Compositional inhomogeneity contributes to multiple low-temperature phases in Nd 0.5 Sr 0.5 MnO 3 . [25] Similarly, complex phase behavior featuring three coexisting phases occurs in the relaxor-ferroelectric systems Pb(Mg,Nb,Ti)O 3 due to internal strain, and are proposed to be intrinsic to the system. [26] Distortion from F d3m to I4 1 /amd symmetry, driven by orbital ordering, occurs in the related spinel compounds NiCr 2 O 4 and CuCr 2 O 4 . This is followed by further distortion to F ddd symmetry due to magnetostructural coupling. [ 
